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REFRACTORY METAL ALLOYS AND COMPOSITES FOR SPACE NUCLEAR POWER SYSTEMS 
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N a t i o n a l  A e r o n a u t i c s  and Space A d m i n i s t r a t i o n  
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C l e v e l a n d ,  O h i o  44135 
Summary 
Space power r e q u i r e m e n t s  fo r  f u t u r e  NASA and o t h e r  U n i t e d  S t a t e s  m i s -  
s i o n s  w i l l  range from a few  k i l o w a t t s  t o  megawatts o f  e l e c t r i c  t y .  Maximum 
e f f i c i e n c y  i s  a key goa l  o f  any power s y s t e m  i n  o r d e r  t o  m in im ze w e i g h t  and 
s i z e  so t h a t  t h e  space s h u t t l e  may be used a minimum number o f  t i m e s  t o  p u t  
t h e  power s u p p l y  i n t o  o r b i t .  N u c l e a r  power has been i d e n t i f i e  as t h e  p r i -  
mary power source  t o  meet these  h i g h  l e v e l s  o f  e l e c t r i c a l  demand. One 
method t o  a c h i e v e  maximum e f f i c i e n c y  i s  t o  o p e r a t e  t h e  power s u p p l y ,  energy  
c o n v e r s i o n  s y s t e m ,  and r e l a t e d  components a t  r e l a t i v e l y  h i g h  t e m p e r a t u r e s .  
For s y s t e m s  now i n  t h e  p l a n n i n g  s t a g e s ,  d e s i g n  tempera tu res  range from 
1300 K f o r  t h e  immedia te  f u t u r e  t o  as h i g h  as 1700 K for  t h e  advanced sys- 
terns. NASA Lewis  Research Cen te r  has u n d e r t a k e n  a r e s e a r c h  program on  
advanced t e c h n o l o g y  of r e f r a c t o r y  m e t a l  a l l o y s  and compos i tes  t h a t  w i l l  p r o -  
v i d e  base l i n e  i n f o r m a t i o n  f o r  space power s y s t e m s  i n  t h e  1900's and t h e  
2 1 s t  c e n t u r y .  S p e c i a l  emphasis i s  f o c u s e d  on t h e  r e f r a c t o r y  me ta l  a l l o y s  o f  
n i o b i u m  and on  t h e  r e f r a c t o r y  me ta l  compos i tes  wh ich  u t i l i z e  t u n g s t e n  a l l o y  
w i r e s  f o r  r e i n f o r c e m e n t .  B a s i c  r e s e a r c h  on t h e  c r e e p  and c r e e p - r u p t u r e  
p r o p e r t i e s  o f  w i r e s ,  m a t r i c e s ,  and compos i tes  w i l l  be d i s c u s s e d .  
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The o b j e c t i v e  of our r e s e a r c h  on r e f r a c t o r y  m e t a l s  i s  t o  p r o v i d e  an 
u n d e r s t a n d i n g  o f  t h e i r  b e h a v i o r  and c a p a b i l i t i e s  under  c o n d i t i o n s  t h a t  simu- 
l a t e  advanced space power system r e q u i r e m e n t s .  C u r r e n t  r e s e a r c h  i s  f ocused  
on m o n o l i t h i c  m a t e r i a l s  t o  i d e n t i f y  a l l o y s  t h a t  may m e e t  t h e  demands o f  near  
t e r m  space power components. I n  a d d i t i o n ,  r e f r a c t o r y  me ta l  a l l o y s  a r e  b e i n g  
c o n s i d e r e d  f o r  m a t r i c e s  and f i b e r s  t o  be used i n  me ta l  m a t r i x  compos i tes  
deve loped fo r  more l o n g  t e r m  needs t h a t  w i l l  have t o  be m e t  i n  t h e  l a t e  
1900's or i n  t h e  2 1 s t  c e n t u r y .  These a l l o y s  and compos i tes  a re  a n t i c i p a t e d  
t o  be used i n  h e a t  g e n e r a t i o n  s y s t e m s  i n  such a p p l i c a t i o n s  as c l a d d i n g  for 
n u c l e a r  f u e l  p i n s ,  f o r  h e a t  p i p e s  and t u b i n g ,  and i n  energy  c o n v e r s i o n  sys- 
t e m s  such as t h e  S t i r l i n g  eng ine  f o r  h e a t e r  heads, r e g e n e r a t o r s ,  p r e s s u r e  
v e s s e l s ,  and h e a t  p i p e s .  
The r e s e a r c h  a c t i v i t i e s  underway on  t h e  r e f r a c t o r y  me ta l s  a r e  conducted  
p r i m a r i l y  in-house w i t h  some s u p p o r t i n g  r e s e a r c h  b e i n g  done on u n i v e r s i t y  
g r a n t s .  The purpose o f  t h i s  paper  i s  t o  p r e s e n t  a summary o f  o u r  r e s e a r c h  
a c t i v i t i e s  c u r r e n t l y  underway and t o  b r i e f l y  d e s c r i b e  t h e  f u t u r e  d i r e c t i o n  
o f  our r e s e a r c h .  
Space Power M a t e r i a l s  Needs 
C u r r e n t  s p a c e c r a f t  r e q u i r e  e l e c t r i c a l  power i n  t h e  f e w  hundred w a t t s  
t o  about  7 5  kWe range as shown i n  F i g .  1 ( 1 ) .  The f o r m e r  NASA S k y l a b  oper-  
a t e d  w i t h  a l i t t l e  o v e r  10 kWe o f  e l e c t r i c a l  power. I n  c o n t r a s t ,  t h e  space 
s t a t i o n ,  N A S A ' s  n e x t  m a j o r  space s y s t e m  i s  a n t i c i p a t e d  t o  r e q u i r e  n e a r l y  
100 kWe i n i t i a l l y  and t o  grow t o  m e e t  e v e r  i n c r e a s i n g  demands t o  s e v e r a l  
hundred k i l o w a t t s  o f  e l e c t r i c .  
C i v i l  Space Techno logy  I n i t i a t i v e  ( C S T I )  and P a t h f i n d e r ,  wh ich  i n c l u d e  a 
l u n a r  base or a manned f l i g h t  t o  Mars,  a r e  expec ted  t o  push t h e  power 
r e q u i r e m e n t s  t o  even h i g h e r  l e v e l s  as shown i n  t h e  f i g u r e  such t h a t  t e n s  t o  
hundreds o f  megawatts o f  e l e c t r i c a l  power w i l l  be needed. 
F u t u r e  m i s s i o n s  b e i n g  p lanned  under  t h e  
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FIGURE 1 .  - PROJECTED GROWTH I N  SPACE POWER. 
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P o s s i b l e  sources  f o r  t h e  power l e v e l s  d e s c r i b e d  p r e v i o u s l y  a r e  shown i n  
F i g .  2 ( 2 ) .  For l i v e s  o f  o v e r  a y e a r  and power l e v e l s  o f  l e s s  t h a n  10 kWe, 
s o l a r  or r a d i o i s o t o p e  power' sources  have been used by  t h e  U n i t e d  S t a t e s .  I n  
1965, t h e  U n i t e d  S t a t e s  s u c c e s s f u l l y  launched S N A P - l O A ,  t h e  f i rs t  n u c l e a r  
r e a c t o r  t o  be o p e r a t e d  i n  space.  S i n c e  t h e n  t h e  S o v i e t  Un ion  has used reac -  
tors  r o u t i n e l y  i n  low, s h o r t - t e r m  o r b i t s .  
t h a t  f o r  t h e  7- t o  10-year  l i v e s  and power r e q u i r e m e n t s  a n t i c i p a t e d  for  
f u t u r e  systems,  n u c l e a r  power i s  t h e  o n l y  power source  t h a t  can be 
c o n s i d e r e d .  
I t  can be seen from t h i s  f i g u r e ,  
SOLAR 
A j o i n t  NASA,  DOD, and DOE program t o  deve lop  a space n u c l e a r  r e a c t o r  
c a p a b i l i t y  i s  c u r r e n t l y  under  way c a l l e d  SP-100 ( 3 1 ,  e n v i s i o n e d  as a 100 kWe 
- Space Power n u c l e a r  r e a c t o r ;  hence,  SP-100. The program has f o c u s e d  on  
d e m o n s t r a t i n g  a Ground E n g i n e e r i n g  System ( G E S ) .  T h i s  p rogram i s  managed 
by  t h e  J e t  P r o p u l s i o n  L a b o r a t o r y  o f  NASA and a c o n t r a c t  has been awarded t o  
GE t o  d e s i g n  and b u i l d  t h e  GES.  
r e a c t o r  w i l l  be a b l e  t o  s u p p o r t  a b r o a d  spec t rum o f  space a c t i v i t i e s  t h a t  
w i l l  r e q u i r e  l a r g e  amounts o f  e l e c t r i c a l  power i n c l u d i n g  communica t ions ,  
n a v i g a t i o n ,  s u r v e i l l a n c e ,  and m a t e r i a l s  p r o c e s s i n g .  Some o f  t h e  m a t e r i a l  
r e l a t e d  c o n s t r a i n t s  f o r  SP-100 a r e  l i s t e d  i n  F i g .  3 and i n c l u d e  t h e  use o f  
l i q u i d  l i t h i u m  r e a c t o r  c o o l a n t ,  1350 K ,  7 -year ,  1 -pe rcen t  s t r a i n  d e s i g n  c r i -  
t e r i a ,  and a 3000-kg system w e i g h t  t h a t  can be launched by  t h e  space shu t -  
t l e .  Based on  these  c o n s t r a i n t s ,  we have u n d e r t a k e n  an advanced t e c h n o l o g y  
program t o  a l l o w  f o r  f u t u r e  g r o w t h  o f  t h e  c u r r e n t  power l e v e l  e n v i s i o n e d  f o r  
SP-100. 
I t  i s  a n t i c i p a t e d  t h a t  t h e  SP-100 t y p e  of 
A n o t h e r  h i g h  t e m p e r a t u r e  m a t e r i a l s  need i s  i n  t h e  energy  c o n v e r s i o n  
sys tem f o r  t h e  h i g h  e l e c t r i c a l  power l e v e l s  t h a t  a r e  b e i n g  c o n s i d e r e d .  Bo th  
t h e  B r a y t o n  and S t i r l i n g  systems a r e  under  c o n s i d e r a t i o n  t o  c o n v e r t  t h e  h e a t  
ene rgy ,  whether  s o l a r  or n u c l e a r ,  i n t o  e l e c t r i c a l  ene rgy  ( 4 - 5 ) .  NASA Lew is  
has paved t h e  way for S t i r l i n g  e n g i n e  t e c h n o l o g y  b o t h  f o r  t e r r e s t r i a l  and 
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FIGURE 2 .  - POWER SOURCES FOR SPACE APPLICATIONS. 
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FIGURE 3. - SP-100 GOAL: TO DEVELOP NUCLEAR POWER FOR SPACE. 
space applications. 
space power demonstrator engine that will deliver 25 kWe ( 6 ) .  
operates at 1050 K; a lower temperature than the 1350 K that i s  anticipated 
for SP-100 and therefore uses a molten salt as the heat source for ground 
demonstration purposes and is constructed of stainless steels, superalloys, 
and other materials suitable for low temperature applications. For space 
applications, refractory metals will be required in such areas as the pres- 
sure vessel, heat pipes, heater head, regenerator, and other structural 
members because of the higher material temperature requirements. The mate- 
rial constraints shown previously in Fig. 3 will have to be met by the 
refractory metals which will probably be niobium or molybdenum base alloys 
or composi tes. 
Shown in Fig. 4 is a cross section of a free-piston 
This engine 
4 
R e f r a c t o r y  M e t a l  A l loy Techno logy  
0 
The SP-100 program h a s ' s e l e c t e d  Nb-1Zr as t h e  n u c l e a r  assembly t e s t  
( N A T )  m a t e r i a l  f o r  t h e  GES.  NASA Lewis  i n  c o n c e r t  w i t h  Oak R idge N a t i o n a l  
L a b o r a t o r y  (ORNL) and Westinghouse--Advanced Eng ineev ing  S y s t e m  D i v i s i o n  
(W-AESD) i s  c o n d u c t i n g  a s e r i e s  o f  s t u d i e s  t o  d e f i n e  t h e  c reep  b e h a v i o r  o f  
t h i s  a l l o y  so t h a t  d e s i g n  e n g i n e e r s  w i l l  be a b l e  t o  use t h i s  a l l o y  w i t h  con- 
f i dence. 
I t  has been d e t e r m i n e d  from r e i t e r a t i v e  d e s i g n  c o n s i d e r a t i o n s  t h a t  
Nb-1Zr has m a r g i n a l  s t r e n g t h  f o r  t h e  SP-100 GES.  To improve i t s  7 -year  
1350 K 1 -pe rcen t  c reep  s t r e n g t h ,  such t h i n g s  as a l a r g e  g r a i n  s i z e  micro- 
s t r u c t u r e  ( 8 0  pm) a r e  b e i n g  e x p l o r e d .  Also h e a t s  w i t h  i n c r e a s e d  t a n t a l u m  
and t u n g s t e n  c o n t e n t s  ( b u t  s t i l l  w i t h i n  t h e  a l l o w a b l e  s p e c i f i c a t i o n s )  a r e  
under  t e s t .  An a l t e r n a t e  approach t h a t  we a r e  e x p l o r i n g  i s  t o  c o n s i d e r  a 
h i g h e r  s t r e n g t h  a l l o y  t h a t  w i l l  s t i l l  m e e t  t h e  m a t e r i a l  c o n s t r a i n t s  f o r  
SP-100. We have s e l e c t e d  an a l l o y  c a l l e d  PWC-11 w i t h  a c o m p o s i t i o n  o f  
Nb-1.OZr-O.1C t h a t  was deve loped i n  t h e  1 9 6 0 ' s .  T h i s  a l l o y  has been p r e v i -  
o u s l y  t e s t e d  i n  l i t h i u m  and has been shown t o  be c o m p a t i b l e  under  c o n d i t i o n s  
a n t i c i p a t e d  f o r  SP-100. However, s e v e r a l  q u e s t i o n  remained t o  be answered 
from e a r l i e r  s t u d i e s .  For example, t h e  w e l d a b i l i t y  o f  PWC-11 and t h e  subse- 
quen t  e f f e c t s  on c reep  p r o p e r t i e s  a r e  n o t  f u l l y  c h a r a c t e r i z e d ,  and t h e  l o n g  
t e r m  s t a b i l i t y  o f  t h e  ca rbon  p r e c i p i t a t e s  ( w h i c h  a r e  b e l i e v e d  t o  be respon-  
s i b l e  f o r  t h e  improved s t r e n g t h  o f  t h i s  a l l o y )  i s  n o t  known. We c u r r e n t l y  
have c r e e p  t e s t s  underway a t  low s t r e s s  l e v e l s  s i m i l a r  t o  those  t h a t  may be 
encoun te red  i n  SP-100 f u e l  p i n  c l a d d i n g s .  Bo th  N B - 1 Z r  and PWC-11 a r e  b e i n g  
t e s t e d  a t  1350 K and a s t r e s s  o f  10 MPa. W i t h  t e s t s  i n  excess o f  20  000 h r ,  
as shown i n  F i g .  5 PWC-11 has n o t  a c h i e v e d  any p r a c t i c a l  measurab le  c r e e p  
d e f o r m a t i o n  w h i l e  Nb-1Zr has reached  1 -pe rcen t  c reep  i n  1 1  000 h r  and 
2 - p e r c e n t  c reep  i n  18 800 h r .  The r e s u l t s  t o  d a t e  c l e a r l y  demons t ra te  t h e  
s u p e r i o r i t y  o f  PWC-11. 
The m i c r o s t r u c t u r e s  o f  Nb-1Zr and PWC-11 a r e  c o m a r e d  i n  F i a .  6 .  A f t e r  
t h e  s t a n d a r d  1-hr ,  
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FIGURE 5 .  - CREEP CURVES FOR Nb-1Zr AND PWC-11. 
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w i t h  a f e w  p r e c i p i t a t e s  p r e s e n t ,  w h i c h  a r e  b e l i e v e d  t o  be Zr02. The micro- 
s t r u c t u r e  o f  PWC-11, w h i c h  had undergone i t s  s t a n d a r d  anneal  o f  1 h r  a t  
1775 K p l u s  2 h r  a t  1475 K ,  i s  shown i n  F i g .  6 .  The annea led  m a t e r i a l  had a 
m i x t u r e  o f  e l o n g a t e d  g r a i n s  w i t h  an ave rage  g r a i n  s i z e  o f  25 p-n measured b y  
t h e  c i r c l e - i n t e r c e p t  method, w i t h  an a s p e c t  r a t i o  o f  a p p r o x i m a t e l y  5 : l .  
Numerous shapes and s i z e s  o f  p a r t i c l e s  w e r e  a p p a r e n t  i n  t h e  m i c r o s t r u c t u r e .  
The morphology ranges from mass ive  5 pm p a r t i c l e s  t o  submicron n e e d l e - l i k e  
p a r t i c l e s  wh ich  appear t o  be o r i e n t e d  o n  s l i p  p l a n e s  as has been r e p o r t e d  
p r e v i o u s l y  ( 7 ) .  The m a j o r i t y  o f  p a r t i c l e s  a r e  b e l i e v e d  t o  be p r i m a r y  c a r -  
b i d e s  w h i c h  formed d u r i n g  t h e  i n i t i a l  s o l i d i f i c a t i o n  and a r e  n e i t h e r  b r o k e n  
up d u r i n g  t h e  shee t  r o l l i n g  p r o c e s s  n o r  d i s s o l v e d  d u r i n g  t h e  a n n e a l i n g  p r o c -  
e s s .  A t y p i c a l  m i c r o s t r u c t u r e  o f  an EB welded PWC-11 t e s t  specimen i s  
shown i n  F i g .  7 .  The base m e t a l  away from t h e  w e l d  i s  i n  t h e  annea led  con- 
d i t i o n .  The weldment has a co lumnar s t r u c t u r e  w i t h  t h e  g r a i n  s i z e  r a n g i n g  
from a b o u t  45 t o  o v e r  200 pm. 
p r e c i p i t a t i o n  s i m i l a r  t o  t h e  annea led  c o n d i t i o n  e x c e p t  t h a t  t h e  p a r t i c l e s  
appear t o  be f i n e r  and form c e l l - l i k e  domains w i t h i n  t h e  g r a i n s .  
The w e l d  zone e x h i b i t s  e x t e n s i v e  second phase 
The h i g h  t e m p e r a t u r e  c r e e p  s t r e n g t h  o f  PWC-11 ( > 0 . 5  T m ) ,  r e l a t i v e  t o  
t h e  o r d e r  o f  magni tude lower ca rbon  c o n t e n t  Nb-1Zr a l l o y  as shown i n  F i g .  5, 
has been a t t r i b u t e d  t o  t h e  p resence  of v e r y  f i n e  p r e c i p i t a t e s  of (Nb,Zr>2C 
a n d / o r  (Nb,Zr>C r a n g i n g  i n  s i z e  from 1 t o  10 pm i n  d i a m e t e r  ( 8 ) .  A s  w i t h  
a l l  p r e c i p i t a t i o n - s t r e n g t h e n e d  a l l o y s ,  t h e  l o n g  t e r m  b e n e f i c i a l  c o n t r i b u t i o n  
o f  t h e  p r e c i p i t a t e  t o  h i g h  c r e e p  s t r e n g t h  i s  s u s p e c t .  I t  has been p o s t u -  
l a t e d  t h a t  w e l d i n g  a n d / o r  i s o t h e r m a l  a g i n g  o f  t h e  PWC-11 a l l o y  c o u l d  r e s u l t  
i n  a significant loss (>SO percent) i n  elevated temperature creep strength 
( 9 ) .  To v e r i f y  or d i s p r o v e  t h i s  p o s t u l a t i o n ,  we  c o n d u c t e d  c r e e p  t e s t s  i n  
h i g h  vacuum Pa> a t  1350 K and 40 MPa t o  assess  t h e  e f f e c t s  o f  EB weld-  
i n g  on c r e e p  s t r e n g t h .  The c r e e p  c u r v e s  t o  a p p r o x i m a t e l y  1 - p e r c e n t  s t r a i n  
a r e  shown f o r  Nb-1Zr and PWC-11 i n  F i g .  8 .  The PWC-11 a n n e a l e d  c o n d i t i o n  
( c l e a r l y  t h e  most c r e e p  r e s i s t a n t  s t a t e )  r e q u i r e d  a b o u t  3500-hr t o  1 - p e r c e n t  
s t r a i n .  A s i m i l a r l y  t r e a t e d  sample w i t h  an EB weldment r e q u i r e d  2125 h r ,  
a b o u t  a 30 -pe rcen t  dec rease  i n  t h e  t i m e  f o r  1 - p e r c e n t  s t r a i n .  A Nb-1Zr 
specimen was t e s t e d  i n  c r e e p  f o r  compar i son  t o  t h e  a n n e a l e d  PWC-11 a l l o y .  
A s  shown i n  F i g .  8, t h e  t i m e  f o r  1 - p e r c e n t  c r e e p  r e q u i r e d  a b o u t  75 h r ,  a 
f a c t o r  o f  a b o u t  45 compared t o  t h e  a n n e a l e d  PWC-11 and a f a c t o r  o f  a b o u t  28 
for t h e  welded c o n d i t i o n .  I t  s h o u l d  be n o t e d  t h a t  Nb-1Zr was a n n e a l e d  a t  
1775 K for t h i s  compar i son  wh ich  r e s u l t e d  i n  a g r a i n  s i z e  of a b o u t  45 pm. 
T h i s  l a r g e r  g r a i n  s i z e  compared t o  o n l y  25 pm f o r  PWC-11 s h o u l d  f a v o r  a 
h i g h e r  c r e e p  s t r e n g t h  f o r  Nb-1Zr. 
Nb-1Zr 
ANNEALED 1 HR-1475 K 
PWC-11 Nb- lZr- . lC  
ANNEALED 1 HR-1755  K + 2 HRS-1475 K 
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FIGURE 8 .  - CREEP CURVES OF Nb-1Zr  AND PWC-11 AT  1350 K AND 40 MPa. 
Moore e t  a l .  conduc ted  s h o r t - t i m e  c r e e p  r u p t u r e  t e s t s  t o  f u r t h e r  c h a r -  
a c t e r i z e  t h e  e f f e c t s  o f  EB w e l d i n g  on  PWC-11 (10) .  
t e s t s  were p e r p e n d i c u l a r  t o  t h e  t e s t  a x i s .  
Pa vacuum a t  1350 K a f t e r  t h e  p o s t - w e l d  h e a t  t r e a t m e n t  ( 1  h r  a t  1475 K) 
and a f t e r  a g i n g  a t  1350 K f o r  1000 h r .  
t h e s e  specimens, f a i l u r e  o c c u r r e d  i n  t h e  u n a f f e c t e d  base m e t a l  ( F i g .  91,  
t h u s  d e m o n s t r a t i n g  t h a t  t h e  we ld  r e g i o n  was s t r o n g e r .  
Based o n  o u r  c r e e p  t e s t s  conduc ted  t o  d a t e ,  p r o j e c t i o n s  have been made 
for t h e  s t r e s s  fo r  1 -pe rcen t  c r e e p  i n  a 7-year  t i m e  f rame and compared t o  
t h e  d e s i g n  r e q u i r e m e n t s  for SP-100. The r e s u l t s  a r e  shown i n  F i g .  10. 
PWC-11 i s  a f a c t o r  f o u r  t i m e s  s t r o n g e r  t h a n  Nb-1Zr (20 t o  5 MPa a t  1350 K )  
o v e r  t h e  SP-100 d e s i g n  t e m p e r a t u r e  r a n g e  o f  1350 t o  1380 K and a f f o r d s  
e x c e l l e n t  g r o w t h  p o t e n t i a l  o v e r  t h e  p r e s e n t  SP-100 d e s i g n  s t r e s s  c r i t e r i o n .  
The EB welds i n  t h e s e  
T e s t s  were conduc ted  i n  a 
I n  a l l  t h e  c r e e p  r u p t u r e  t e s t s  of 
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FIGURE 10. - CREEP POTENTIAL OF PWC-11 COMPARED TO Nb-1Zr. 
The strength advantage o f  PWC-11 over Nb-1Zr was explored in more 
detail by Grobstein and Titran ( 7 ) .  In particular, the concern about over- 
aging o f  the precipitates during high-temperature exposure for long times 
was addressed by microstructural characterization of the precipitate (com- 
plex carbides) morphology. Several techniques were used including light 
metallography, scanning and transmission electron microscopy, x-ray diffrac- 
tion, and chemical analysis of extracted particles. 
results of this study. In the as-rolled condition, the precipitates were 
relatively coarse, 1 to 10 pm in size, and were found to be hcp Nb2C. After 
an initial heat treatment o f  1 hr at 1755 K and 2 hr at 1475 K ,  a different 
finer precipitate formed. 
and were determined to be fcc (Zr,Nb>C with the Zr/Nb ratio approximately 
70:30. 
tates almost doubled in size, but did not "overage" and were st 1 1  effective 
in pinning dislocations and thus resisting plastic deformation 
Table I summarizes the 
These particles were 0.05 to 0.1 pm in diameter 
After approximately 5000 hr at 1350 K (0.5 T m ) ,  these f ne precipi- 
n creep. 
a 
TABLE I. - CHARACTERIZATION OF PRECIPITATES IN PWC-11 
Size, pm 
Structure 
Compos i ti on 
4 
AS- After initial After long-term 
rolled heat treatment high-temperature 
1 to 10 0.05 to 0.1 0.1 to 0.15 
HCP FCC FCC 
Nb2C (Zr ,Nb>C (Zr ,Nb>C 
exposure 
(Nb-1Zr-0. lC>a 
aConclusions: Aging at 1350 or 1400 K with an applied 
stress does not "overage" the precipitates. After long 
times (5000 hr) at 1350 K, the precipitates are still 
effective at pinning dislocations and resisting plastic 
deformation in creep. 
Refractory Metal Composites Technology 
The objective of this part of our program is to characterize wires, 
matrices, and composites for future space power systems where requirements 
for several hundred kilowatts to megawatts of electricity will need to be 
met. This advanced technology program focuses on tungsten fibers and Nb or 
Nb-1Zr matrices and thus can be compared directly with results from the 
SP-100 GES program on the Nb-1Zr and PWC-11 monolithic alloys. It is anti- 
cipated that these composites will enable the technology for advanced space 
power systems to be more efficient and provide more electrical power by 
allowing operation at higher temperatures. 
Refractory metal alloys have been explored as potential fibers for a 
variety of matrices (11-12). The creep rupture strength is of primary s i g -  
nificance for space power applications since the intended use of the mate- 
rial is for long time operations. A secondary consideration is the density 
of the fiber since there is a design weight criterion for launching into 
orbit. The ratio of the 100-hr rupture strength to density for a number of 
potential refractory metal wires is plotted in Fig. 1 1  for tests conducted 
at 1365 and 1480 K. It can be seen that for anticipated growth to higher 
temperatures, the tungsten-base and molybdenum-base alloys have the superior 
properties. The strongest alloys, W-Re-Hf-C and Mo-Hf-C are not  commer- 
cially available so two lower strength tungsten compositions were selected 
for our initial studies since processing conditions and fiber-matrix inter- 
actions can be simulated directly with the tungsten base alloys. The two 
selected are 218 CS, an example of a lower strength, unalloyed lamp filament 
alloy and ST300 (W-l.SThOz), an example of a stronger, oxide dispersion 
strengthened alloy. Figure 12  i s  a plot of the time to rupture as function 
of stress at 1400 and 1500 K for these two alloys. It should be noted that 
at the longer times, 1000 to 10 000 hr, the two alloys' strength properties 
converge at both test temperatures. Based on these results we proceeded to 
fabricate composites using both compositions in the form of 0.20-mm-diameter 
wire as the reinforcement fiber material and Nb and Nb-1Zr as the matrix 
material. 
The composites were fabricated using an arc-spray process developed at 
NASA Lewis which is shown schematically in Fig. 13 (13). In this process, 
the tungsten alloy fibers were wound on a drum using a lathe to accurately 
align and space them. The drum was inserted into a chamber which was subse- 
quently evacuated and backfilled with argon. 
rial in the form of 1.59-mm-diameter wire was arc sprayed onto the drum 
surface by using a pressurized argon gas stream. After spraying, the coated 
The Nb or Nb-1Zr matrix mate- 
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ALLOY F I B E R S .  
l4Oo 1 ST300 1500 K 
1 4 0 0 K I  218CS 0 1500 K 
10 
. 
,r DRUM 
MATRIX 
SPOOL-, 'L VACUUM CHAMBER 
OVERALL VIEW SCHEMATIC OF OPERATION 
FIGURE 13. - ARC SPRAY MONOTAPE FABRICATION PROCESS. 
fiber (monotape) was removed from the drum surface, cleaned, cut to size, 
stacked in three layers plus matrix only arc-sprayed monotapes on either 
surface, sealed in a container, and hot isostatically eressed (HIPed) to 
produce unidirectional fiber-oriented composites. HIP processing parameters 
were optimized for each combination of fiber and matrix to achieve the best 
possible properties of the composite. Parameters investigated included tem- 
perature, time, and pressure and were varied to explore under what condi- 
tions insufficient bonding between fiber and matrix occurred and where 
excessive reaction took place, as depicted schematically in Fig. 14. A typ- 
ical microstructure of an as-processed ST300/Nb composite (Fig. 15) indi- 
cates minimal reaction between the fiber and matrix during the arc spray and 
HIP processes. 
long-term, high-temperature applications is the degree of fiber-matrix 
interaction. 
thus the composite properties. Figure 16 compares the reaction at the 
fiber-matrix interface that occurred in ST300/Nb-lZr composites exposed for 
One of the principal concerns in the use of composites for 
Excessive fiber-matrix reaction could degrade the fiber and 
INSUFFICIENT 
BONDING 
PROCESSING PARAMETER 
(TEMPERATURE, TIME, PRESSURE) 
FIGURE 14. - OPTIMIZATION OF FABRICATION PARAMETERS 
IS CRITICAL TO ACHIEVING MAXIMUM PROPERTIES. 
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FIGURE 15. - TUNGSTEN FIBER REINFORCED NIOBIUM MATRIX COMPOSITES 
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FIGURE 16. - ST300/Nb + 1 Z r  FIBER/MATRIX REACTION. 
a b o u t  1000 h r  a t  1400 and 1500 K .  The d e p t h  o f  p e n e t r a t i o n  i n t o  t h e  0.2-mm- 
d i a m e t e r  f i b e r  i s  l e s s  t h a n  0.01 mm. The e f f e c t s  o f  m a t r i x  c o m p o s i t i o n  o n  
t h e  d e p t h  o f  p e n e t r a t i o n  a r e  compared i n  F i g .  17 f o r  ST300 f i b e r s  i n  Nb and 
Nb-1Zr m a t r i c e s .  A f t e r  2500-hr e x p o s u r e  t h e  d e p t h  o f  p e n e t r a t i o n  i s  a b o u t  
0.01 mm f o r  b o t h  m a t r i c e s .  The v a l u e s  f o r  f i b e r - m a t r i x  r e a c t i o n s  a r e  i n  
agreement w i t h  p r e v i o u s l y  r e p o r t e d  d i f f u s i o n  c o e f f i c i e n t s  i n  t h e  l i t e r a t u r e  
f o r  t u n g s t e n - n i o b i u m  d i f f u s i o n  c o u p l e s  ( 1 4 ) .  Our r e s u l t s  t h u s  i n d i c a t e  good 
m i c r o s t r u c t u r a l  s t a b i l i t y  f o r  t h i s  c o m p o s i t e  system. 
F o r  t h e  c r e e p  r u p t u r e  i n v e s t i g a t i o n ,  t e s t s  were conduc ted  o n  t h r e e - p l y ,  
u n i d i r e c t i o n a l  f l a t  p l a t e s  from w h i c h  t e n s i l e  specimens were c u t  b y  e l e c t r i -  
c a l  d i s c h a r g e  m a c h i n i n g .  An example o f  a specimen t e s t e d  t o  r u p t u r e  i s  
shown i n  F i g .  18. Tungsten t a b s  were T I G  welded on b o t h  s i d e s  o f  t h e  ends 
o f  t h e  compos i te  specimens t o  p r e v e n t  spec imen s h e a r i n g  a t  t h e  p i n  h o l e  
l o c a t i o n s .  I t  i s  a l s o  p o s s i b l e  t o  make o t h e r  shapes b y  t h e  a r c - s p r a y ,  HIP 
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process ,  such as t h e  tube  i l l u s t r a t e d  i n  F i g .  19. S ince  f o r  n u c l e a r  space 
power systems, f u e l  c l a d s ,  a l o n g  w i t h  h e a t  p i p e s  i n  t u b u l a r  geomet r i es  w i . 1 1  
be r e q u i r e d ,  t h e  a b i l i t y  t d  produce compos i tes  h a v i n g  t h i s  geometry  i s  v e r y  
s i g n i f i c a n t .  T e n s i l e  s t r e n g t h s  have been de te rm ined  f o r  t h e  compos i tes  a t  
t empera tu res  of i n t e r e s t  t o  advanced space power s y s t e m s  and a re  a l s o  shown 
i n  t h i s  f i g u r e  ( 1 5 ) .  
The p r i m a r y  p r o p e r t y  r e q u i r e m e n t  f o r  space power s y s t e m  a p p l i c a t i o n s  
however, i s  adequate c reep  r e s i s t a n c e  f o r  l o n g  t i m e  exposure .  P r e l i m i n a r y  
c reep  r e s u l t s  on t h e  compos i te  m a t e r i a l s  have been r e p o r t e d  p r e v i o u s l y  
( 1 6 ) .  A t y p i c a l  c reep  cu rve  i s  rep roduced  i n  F i g .  20 f o r  a ST300/Nb-lZr 
compos i te  t e s t e d  a t  1400 K under  an a p p l i e d  s t r e s s  of 180 MPa. 
cu rves  f o r  these composi tes e x h i b i t  t h e  c h a r a c t e r i s t i c  t h ree -s tage  c reep  
b e h a v i o r  t y p i c a l  o f  t u n g s t e n  and o t h e r  m e t a l s  and a l l o y s  a t  e l e v a t e d  temper- 
a t u r e s .  
m a t e r i a l s  t e s t e d  i n  t h i s  program. 
The c reep  
The s t r a i n  t o  r u p t u r e  ranges  from 5 t o  7 p e r c e n t  f o r  t h e  compos i te  
The f r a c t u r e  s u r f a c e s  o f  compos i te  specimens w e r e  examined u s i n g  scan- 
n i n g  e l e c t r o n  m ic roscopy .  F i g u r e  21 shows t h e  f r a c t u r e  s u r f a c e  o f  a ST3001 
Nb-1Zr compos i te  where i t  shou ld  be n o t e d  t h a t  b o t h  t h e  f i b e r  and t h e  m a t r i x  
f a i l  i n  a d u c t i l e  manner i n  c r e e p - r u p t u r e  t e s t i n g .  
f i b e r -  and m a t r i x - d u c t i l e  b e h a v i o r  i s  shown i n  t h e  o p t i c a l  m ic rog raph  o f  
F i g .  2 2 ,  where n e c k i n g  o f  t h e  f i b e r  and m a t r i x  can be observed.  
F u r t h e r  ev idence o f  
The e f f e c t i v e  use o f  f i b e r  r e i n f o r c e m e n t s  t o  i n c r e a s e  t h e  c reep  r e s i s t -  
ance o f  Nb and Nb-1Zr i s  shown i n  F i g .  2 3 .  The t i m e  t o  ach ieve  1 -pe rcen t  
c r e e p  s t r a i n  for  arc -sp rayed  n i o b i u m  under  an a p p l i e d  s t r e s s  of 20 MPa was 
17 h r ,  w h i l e  a rc -sprayed n i o b i u m  r e i n f o r c e d  w i t h  40-vo l  % ST300 f i b e r  and 
s t r e s s e d  a t  an o r d e r  o f  magn i tude h i g h e r  s t r e s s  (200 MPa) has n e a r l y  an 
o r d e r  of magn i tude i n c r e a s e  i n  t h e  t i m e  t o  r e a c h  1 -pe rcen t  s t r a i n .  
i n g  t h e  f i b e r  c o n t e n t  r e s u l t s  i n  f u r t h e r  i n c r e a s e s  i n  c reep  r e s i s t a n c e  as 
shown for t h e  50-vo l  % f i b e r  c o n t e n t  ST300/Nb-lZr compos i te .  
I n c r e a s -  
S i n c e  t h e  r e i n f o r c i n g  f i b e r s  have a d e n s i t y  o v e r  t w i c e  t h a t  o f  Nb, t h e  
50-vo l  % compos i te  i s  over one and a h a l f  t i m e s  h e a v i e r  t han  n iob ium,  and 
thus  d e n s i t y  must be t a k e n  i n t o  c o n s i d e r a t i o n  when making p r o p e r t y  compar i -  
sons. A compar ison o f  t h e  c reep  s t r e s s  t o  d e n s i t y  r a t i o  f o r  1 -pe rcen t  
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FIGURE 20. - TYPICAL CREEP CURVE FOR ST300/Nb + 1 Z r  COMPOSITE.  
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F I G U R E  2 3 .  - 1400 K CREEP CURVES FOR S T 3 0 0 / N b  AND N b - 1 Z r  
COMPOSITES. 
s t r a i n  f o r  t h e  c o m p o s i t e s ,  PWC-11, and N b - 1 Z r  i s  made i n  F i g .  24.  On t h i s  
d e n s i t y  c o r r e c t e d  b a s i s ,  t h e  compos i tes  a r e  o v e r  an o r d e r  o f  magn i tude  
s t r o n g e r  t h a n  N b - 1 Z r  and t h r e e  and a h a l f  t o  f o u r  t i m e s  s t r o n g e r  t h a n  PWC-11 
a t  both t e s t  t e m p e r a t u r e s ,  1400 and 1 5 0 0  K .  
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A compar ison o f  t h e  minimum c r e e p  r a t e s  o f  t h e  compos i tes  t e s t e d  a t  
1400 and 1500 K w i t h  t h a t  f o r  t h e  a rc -sp rayed  n i o b i u m  m o n o l i t h i c  m a t e r i a l  
t e s t e d  a t  1400 K i s  made i n  F i g .  2 5 .  I t  i s  e v i d e n t  t h a t  t h e  compos i tes  
c r e e p  a t  a much lower  r a t e  t h a n  t h e  n i o b i u m  m a t r i x  m a t e r i a l .  N o t i n g  t h a t  
t h e  s t r a i n -  and s t r a i n - r a t e  c o m p a t i b i l i t y  must be m a i n t a i n e d  a t  t h e  f i b e r -  
m a t r i x  i n t e r f a c e  d u r i n g  c reep  o f  a compos i te  s u b j e c t e d  t o  u n i a x i a l  l o a d i n g ,  
i t  i s  p o s s i b l e  t o  e s t i m a t e  t h e  r e l a t i v e  magn i tude o f  t h e  s t r e s s  on t h e  
m a t r i x  u s i n g  F i g .  25. For example, i t  i s  e v i d e n t  from F i g .  25 t h a t  a t  
1400 K t h e  ST300/Nb compos i tes  e x h i b i t  a minimum c reep  r a t e  of abou t  
1x10-8 sec-1 a t  250 MPa. 
d a t a  i n  F i g .  25 suggest  t h a t  a s t r e s s  o f  abou t  1 5  MPa would enab le  t h e  n i o -  
b ium m a t r i x  t o  c reep  a t  t h e  same r a t e .  I t  can be shown u s i n g  t h e  r u l e  of 
m i x t u r e s ,  t h a t  t h e  c o r r e s p o n d i n g  s t r e s s  o n  t h e  m a t r i x  i s  o n l y  about  3 p e r -  
c e n t  of t h e  t o t a l  a p p l i e d  s t r e s s  a c t i n g  o n  a compos i te  c o n t a i n i n g  50-vo l  % 
f i b e r s .  T h i s  means a first o r d e r  p r e d i c t i o n  o f  c reep  b e h a v i o r  o f  t h e  com- 
p o s i t e s  can be d e s c r i b e d  by t h e  c reep  e q u a t i o n s  f o r  t h e  r e i n f o r c i n g  f i b e r s .  
The minimum c reep  r a t e  o f  t h e  compos i tes  can t h u s  be equated  t o  t h e  power 
c reep  b e h a v i o r  as fo l lows:  
U s i n g  t h e  s t r a i n - r a t e  c o m p a t i b i l i t y  arguments,  t h e  
i m = A exp(+)un 
C ( J = u  - -  
0 
f - Vf 
n 
E -  . m  A e x p @ ) k )  
I 
I where 
uC 
of 
t h e  s t r e s s  on  t h e  compos i te  
t h e  s t r e s s  on t h e  f i b e r  assuming t h a t  t h e  f i b e r  c a r r i e s  t h e  t o t a l  l o a d  
I 16 
Vf t h e  v o l u m e - f r a c t i o n - f i b e r  c o n t e n t  
. .  --
1500 K 1400 K 
I I 
Q t h e  a p p a r e n t  a c t i v a t i o n  energy  
n t h e  c r e e p - r a t e  s t r e s s  exponent  
A a c o n s t a n t  f o r  t h e  f i b e r  
The c a l c u l a t e d  compos i te  c r e e p  a c t i v a t i o n  energy  Q o f  465 t o  
490 kJ/mol agrees w i t h  r e s u l t s  f o r  o t h e r  forms o f  t u n g s t e n  t e s t e d  i n  t h i s  
t e m p e r a t u r e  r a n g e .  I t  has been proposed t h a t  t h e  c r e e p  o f  as-drawn w i r e s  
o c c u r s  by a d i s l o c a t i o n  mechanism c o n t r o l l e d  by g r a i n  boundary or p i p e  d i f -  
f u s i o n  ( 1 7 ) .  The c r e e p - r a t e  exponent  n f o r  t h e  S T 3 0 0 - r e i n f o r c e d  compos- 
i t e s  ranged between 5 and 6 ,  wh ich  i s  i n  agreement w i t h  v a l u e s  p r e d i c t e d  by 
s i m p l e  t h e o r i e s  o f  d i s l o c a t i o n  c l i m b  where n i s  about  5 .  I t  i s  u n l i k e l y  
t h a t  g r a i n  boundary d i f f u s i o n  c r e e p  or g r a i n  boundary s l i d i n g  c o n t r o l s  c reep 
because of t h e  o r i e n t e d  g r a i n  s t r u c t u r e  o f  t h e  w i r e s .  
The r e l a t i o n s h i p  between r u p t u r e  1 i f e  o f  t h e  ST300-f i b e r - r e i  n f o r c e d  
compos i tes  and t h e  minimum c r e e p  r a t e s  i s  shown i n  F i g .  26 where a l i n e a r  
i n v e r s e  r e l a t i o n s h i p  was observed o f  t h e  form: 
C t - -  R - .  
m c 
where C = 0.036.  T h i s  r e l a t i o n s h i p  has been observed i n  o t h e r  m e t a l l i c  
m a t e r i a l s  and i s  known as t h e  Monkman-Grant r e l a t i o n s h i p  (18) .  T h i s  r e l a -  
t i o n s h i p  was f o u n d  t o  be v a l i d  f o r  s t a i n l e s s  s t e e l  compos i tes  r e i n f o r c e d  
w i t h  t u n g s t e n - t h o r i a  f i b e r s  and f o r  n i c k e l - c o a t e d  and uncoated  t u n g s t e n -  
t h o r i a  w i r e s  (19  and 20). The C v a l u e  o f  0.036 o b s e r v e d  i n  t h i s  i n v e s t i -  
g a t i o n  compares f a v o r a b l y  w i t h  t h e  v a l u e  o f  0.0207 o b s e r v e d  f o r  t h e  
10-6 
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FIGURE 2 5 .  - COMPARISON OF MINIMUM CREEP RATE FOR COMPOSITES. 
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CREEP RATE FOR COMPOSITES. 
nickel-coated and uncoated wires. The minimum creep-rate expression (previ- 
ously described for the composites) can be substituted in the Monkman-Grant 
relationship to yield an expression which equates the composite rupture 
life with the stress on the composite and with the volume-fraction-fiber 
content as follows: 
This expression indicates that at a constant applied stress on the compos- 
ite, increasing the fiber-volume-fraction content will result in increased 
rupture life values for the composite. 
Advanced space power system components will be required to have serv- 
ice and design lives ranging from 7 to over 10 years. In the interest of 
determining the potential of the composite materials for such applications, 
extrapolations for both the 1000- and 100 000-hr (11.4 years) density- 
corrected creep stress to yield 1-percent strain at 1400 and 1500 K and are 
compared with similar extrapolations for PWC-11 and Nb-1Zr (Fig. 2 7 ) .  
These projections show that the composites are an order of magnitude 
stronger than Nb-1Zr at 1400 and 1500 K. Compared to PWC-11, the compos- 
ites are five to six times stronger at 1400 K and three to five times 
stronger at 1500 K. The strength to density values projected for the com- 
posites indicate a potential mass savings that could be realized by use of 
the composites to replace thicker sections of Nb-1Zr. Alternatively, the 
potential for increased service temperatures and/or service life of compo- 
nents can be considered. 
Future Research 
The results to date show that for the SP-100 GES, PWC-11 has attrac- 
tive creep properties that will extend the capabilities of SP-100 compared 
to a similar system fabricated from Nb-1Zr. However, additional research is 
needed in the areas of alloy processing, chemistry control, and heat treat- 
diation testing. Our emphasis on advanced materials for future space power 
I ment; establishing uniaxial- and biaxial- (tube) creep data bases; long term 
I aging effects in vacuum and lithium; joining process development; and irra- 
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systems w i l l  c o n t i n u e  t o  f o c u s  on t h e  t u n g s t e n - r e i n f o r c e d  n i o b i u m - a l l o y s  
compos i te  m a t e r i a l s .  Fo l l ow-on  r e s e a r c h  w i l l  e x p l o r e  t h e  e f f e c t s  o f  a n g l e  
p l i e s  on  c reep  b e h a v i o r ,  f i b e r - m a t r i x  r e a c t i o n s ,  a l t e r n a t e  f i b e r s  such as 
molybdenum base a l l o y s  t o  reduce  compos i te  d e n s i t y ,  and m a t r i x  a l l o y i n g  t o  
m i n i m i z e  f i b e r - m a t r i x  r e a c t i o n .  
C o n c l u d i n g  Remarks 
The r e s u l t s  t o  d a t e  f r o m  o u r  r e s e a r c h  i n  s u p p o r t  o f  t h e  Ground Eng i -  
n e e r i n g  System f o r  SP-100 and our advanced m a t e r i a l s  t e c h n o l o g y  program f o r  
f u t u r e  space power systems can be h i g h l i g h t e d  as fo l lows:  
1 .  Based o n  i t s  demonst ra ted  s t r e n g t h  advantage,  PWC-11 (Nb-1Zr-O.lC) 
h a s - b e e n  s e l e c t e d  f o r  t h e  SP-100 r e f e r e n c e  f l i g h t  s y s t e m  o v e r  t h e  weaker 
Nb-1Zr a l l o y .  
2.  Based on c r e e p  r u p t u r e  and c o m p a t i b i l i t y  a t  1500 K,  t u n g s t e n  f i b e r s  
a r e  p o t e n t i a l  r e i n f o r c e m e n t s  f o r  Nb-base a l l o y s  f o r  space power sys tems.  
3 .  T u n g s t e n - r e i n f o r c e d  Nb-1Zr compos i tes  p r o v i d e  a t e n - f o l d  and a f o u r -  
f o l d  c r e e p  s t r e n g t h  advantage o v e r  Nb-1Zr and PWC-11, r e s p e c t i v e l y ,  a t  
1400 t o  1500 K .  
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